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1. Introduction

Radiative heating and cooling rates are important contributions to
an analysis of the atmospheric heat budget. These radiative contributions
have been calculated for the troposphere with reasonable accuracy (see e. g.
Davis, 1963, Rodgers, 1967) and also for the upper stratosphere and meso-
sphere (Murgatroyd and Goody, 1958, Kuhn and London, 1968). Although
some calculations have included the lower stratosphere, this region has not
been of major concern in the previous calculations. One difficulty is the
uncertainty in the water vapor concentrations in the atmosphere above the
tropopause. Observations extend only to approximately 30 km and the
validity of certain of these measurements is still open to question. Recently,
Mastenbrook (1968) summarized the water vapor data, and although the lower
stratosphere appears, in general, to be dry (mixing ratio 2—,3x10—6gm/gm)
there is a general tendency for the concentration to increase with elevation
above approximately 30-50 mb. There are also cases for which the mixing
ratio increases quite rapidly, reaching a value greater than 2:&10_5 gm/gm
at 15 mb. It is the purpose of this paper to estimate the importance of the
6.3 and 80 4 m bands of water vapor to the lower stratospheric heat budget
based upon the recent summary of water vapor distributions by Mastenbrook.
We shall also include results of earlier work (Kuhn and London, 1968) for

the upper stratosphere and mesosphere.

2. Methodology
The radiative temperature change (hereafter designated as rtc) was
evaluated from the expression

At Cp Ap

where AT/At is time rate of change of temperature, g is the acceleration

due to gravity, Cp is the specific heat of air at constant pressure p, and F
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is the net radiative flux which can be expressed as the difference of an

upward (F¢ y and downward éfF‘L ) directed component.
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where u is the mass path, with reference to the earth's surface, B is the
Planck function, § ; is the width of the i wave number interval, and 7

is the flux transmissivity (diffusivity factor = 1. 667} corresponding to that
interval. The summation extends over the i wave number intervals spanning
the band.

The transmission function was calculated with the aid of the quasi-
random band model (Wyatt et al., 1962). We assumed pure collision broad-
ening (Lorentz profile) below 30 km, and above 30 km a combined collision,
Doppler broadening (Voigt profile) was used. The transmission functions
for these cases can then be expressed as,

i. Loreuntz (Wyatt et al., 1962)
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Q =2 g /5, where a/Lis the Lorentz halfwidth

£, =8 .u/Tw., where S, is the average line strength for the
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kth intensity decade within the ith wave number interval.



et olw - wy) _ _
o 1, , where iy - W, is the distance from the center

(wo) of the ith spectral interval.
n, = the nunb er of lines in the kth intensity decade
The first bracket represents the contribution to the flux transmissivity from
spectral lines lying within that spectral interval, while the second bracket

contains the contribution to the transmission from the wings of spectral

lines lying outside the spectral interval in question.

ii. Voigt (Kuhn and London, 1968) 4)
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Calculations of rtc were made for the 80 . m and 6. 3km H20 bands.
The 80 um line strengths and positions are from Benedict (1965) for the spectral
interval from 200 to 500 cm_l and from Yamamoto and Onishi (1951) for the
interval from 0 to 200 crn—1 and 500-600 cm—l. The band parameters for the
6. 4m band are from Wyatt et al (1962). Line strerigths correspond to a tem~-
perature of 250 K and the surface collision half widths are 0. 087 and 0.1 cm_l
for the 80 um and 6.3 ¥ m bands respectively. No variation of Doppler half
width with temperature or wave number was considered, the half widths being

3 lfoiﬂ the 80 m and 6.3 mbands respectively. TUp

2.66 x 10 “cm Yand 1.56x10 3cm”
to 30 km, the spectral interval was 200 cm—1 for the 8Qum band, the band
extending from 0 to 600 cm_l. The 6.3 pm band extended from 1000 to
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2400 mel, and was divided into three equal spectral intervals. Above 30 km,
the spectral intervals for both bands were 25 cmnl. The calculations for
elevations above 30 km were made at an earlier date and no larger spectral
intervals were studied; however, we found that spectral intervals of 300 and
200 cm_1 gave errors of only a few percent in the lower stratospheric rtc.
Transmission profiles for the 80 u# m rotational band are shown in
Fig. 1. These calculations were made for transmission averages over
25 cm—l intervals. The lower most curve corresponds to an atmospheric
layer extending from 7 to 30 km for an equatorial water vapor distribution
and a stratospheric mixing ratio of 10—4 gm/gm (Kuhn, 1966). As will be
shown, the radiative flux from the lower troposphere gives a relatively small
contribution to the flux divergence within the stratosphere. Thus rotational
lines beyond about 550 cm_]‘ are negligible for these calculations, and a
comparison of this transmission function with the 15 um C02 transmission

functions (Kuhn, 1966) shows that we may neglect band overlap between the

80 u m and 15 u m transitions.

3. Results

Results for the calculations from the data of Mastenbrook (1968} are
given in Fig. 2. Profile II corresponds to the median distribution of water
vapor for Washington, D.C. and Trinidad, W.I. The maximum distribution
{profile III) corresponds to the large mixing ratios found over Trinidad, W. I.,
for pressure levels of 15-20 mb. Profile I represents the case for which the
mixing ratio decreases uniformly with height. The mean temperature distri-
bution which was used for these calculations is also given in Fig. 2.

Calculations were made at approximately 2-3km intervals. For all
three cases a slight heating is indicated in the tropopause region. Throughout
the lower stratosphere, up to a height of approximately 25 km, the cooling is
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a few tenths of a degree per day. Above 25 km, profiles I and II show a cooling
which increases to approximately 0. 6 deg/day while the rapidly increasing mix-
ing ratio produces a rtc approximately twice as large as the median distribution
as given by profile II. While this larger water vapor «oncentration produces
a much larger cooling effect above approximately 26 km, below this elevation
the larger H20 concentration actually causes a smaller cooling than the smaller
H20 distributions. This occurs because of the larger downward flux which com-
pensates the upward flux, which is the primary contributor to the radiative heating.
Higher in the atmosphere, however, the downward flux is the major contributor
to the rtc, and here the downward flux difference is greater for the larger H20
concentration than for the smaller concentrations given by II and I.
The dashed curve represents the contribution to the rtc by the 6. 3um
band. Near the tropopause both the 6. 3um and 80um bands produce a heating of
similar magnitude; however, the heating by the 6. 3um band decreases rapidly
with elevation becoming less than 5 percent of the 80um cooling at a height of 20km.
Because of the uncertainty in the HZO concentrations in the upper strato-
sphere and mesosphere, two extreme concentrations have been assumed (Kuhn
1966), with values of 10™% and 10_6gm/gm, (Fig. 3). Each of these distributions
has then been coupled with extreme tropospheric distributions corresponding to
equatorial (profile I) and polar (profile II) mixing ratio distributions along with
the corresponding temperature profiles. The heavy line refers to the upper at-
mospheric mixing ratio of lO_SWhile the light line refers to a mixing ratio of 104.
The dashed line corresponds to the 6.3um band for a tropospheric equatorial
water vapor distribution and an upper atmospheric distribution of 10-4gm/gm,
All other profiles refer to the 8Qum band. For an upper atmosphere mixing ratio
of 10_4, the rtc by the rotational band is 2-4 deg/day, while a mixing ratio of

1078 produces a cooling less than 1 deg/day.




The contribution of the 6. 3¢ m band to the rtc is of only minor importance
when compared with the rotational band. Near the stratopause where the tem-
perature is high the 6. 3 # m band contributes less than 30 percent as much
cooling as does the rotational band (~-3.8 deg/day); for elevations above
approximately 55 km and below 45km, the contribution of the 6. 3 4 m band is
less than 10 percent of the cooling by the rotational band.

Kuhn (1966) has shown that the source function for the 6. 3 um band
deviates from the Planck function above approximately 60 km; however, as
can be seen the cooling at 60 km is only 0.1 deg/day and is certainly negligible
in comparison to the rotational band cooling. Thus non LLTE calculations are
not required and flux divergence calculations for this band may be made in a
straightforward manner as given in eqns (1) and (2). Similarly, the large
collisional ratesforthe 80 4 m transitions insure that the same formulation
will hold for this band also (Kuhn, 1966).

Recent estimates by Hesstvedt (1968) indicate that the mixing ratio is
approximately 5x10“6 gm/gm at 65 km and decreases slowly with elevation,
becoming 1.1x10°% at 95 km. Thus the rtc produced by the 80 ¢ m band is
probably about 1 deg/day in the upper stratosphere and lower mesosphere.
Above approximately 65 km, the cooling rate is less than a tenth of a degree
per day and calculations using the method of Drayson (1967) have shown that
above 70 km the rtc by the 80 u m band is negligible in comparison to the rtc
by the 15 um C02 band (less than a few tenths of a degree per day).

The contributions to the rtc at a particular height from the various
atmospheric layers are shown in Fig. 4. The shaded regions represent
positive contributions, or heating, to the layer in question, while the unshaded
region represents the emission by that layer. The difference between the

emission of that layer and the absorption of energy from the adjacent layers



is the rtc which is indicated by the dashed line. The dotted line represents
a ''cooling to space' term which is one-half the emission of the layer in

""cooling to space' emission as

guestion. While the actual rtc approaches the
the elevation increases, notice that even at 27.5 km, the cooling to space
term is approximately 70 percent larger than thé actual rtc.

Only the atmosphere within 8 km above the level in question strongly
influences the rtc while the contributions from below extend down to the mid
troposphere. Thus the distributions of water vapor and temperature in the
lower troposphere do not significantly influence the rtc in the stratosphere.

An approximation to Newtonian cooling is shown in Fig. 5. The rtc
for the 80 4 m band was calculated for the mean water vapor distribution
(profile II) with temperature profiles selected from the U.S. Standard Atmos-
phere Supplement, 1966. Expressing the cooling as a linear function of tem-
perature is a poor approximation in the lower stratosphere, up to about 100 mb;
however, with increasing elevations, the approximation becomes better, and at
10.4 mb, the fit is excellent. One would expect similar good agreement at

higher elevations, although these calculations were not made because of the

uncertainty in the water vapor distributions.

4. Conclusions
Although water vapor is not the primary contributor to the infrared
rtc in the lower stratosphere, nevertheless, it does make an important contribu-
tion, being approximately 50 percent as large as thecooling by the 154 m CO, band.
A strongly increasing mixing ratio will produce a larger rtc in the mid stratosphere

( 1-2 deg/day) but its effect will be to reduce the cooling by about 0.1 deg/day




in the lower stratosphere. For climatological studies the 6.3 um band may be
neglected in the stratosphere and mesosphere. The cooling by the 80 ym band
in the stratosphere and mesosphere is probably about one degree per day,
although with a very large mixing ratio ('~-'lO_4 gm/gm), the 80y m band cooling
would be approximately equal to the 15 4y m C02 band cooling in the mid strato-
sphere and mid mesosphere.

A cooling to space or Newtonian cooling approximation is valid for

pressures less than approximately 100 mb. At 10.4 mb (~ 31 km) the linear

approximation is excellent.
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